We have determined the thicknesses of naturally and chemically grown oxides on HF-cleaned silicon surfaces in ambient air and in NH 4 OH/H 2 O 2 /H 2 O solution, respectively, using spectroscopic ellipsometry. The naturally grown oxide thickness versus air-exposure time plots yield a rate constant of 3.5Ϯ0.5 Å/decade in ambient air. Chemical oxidation occurs immediately upon immersing the sample in the chemical solution and leaves the sample surface terminated with ϳ6 Å of a chemical oxide. Photoreflectance intensity is found to be strongly dependent on such surface processing, and results are explained by the different degree of surface ͑interface͒ states.
I. INTRODUCTION
Wet chemical processing of semiconductors plays an essential role in the manufacture of many semiconductor devices. Prior to device processing, the single-crystalline silicon wafers must be cleaned and then passivated to protect against further contamination before the normal device processing starts. A wide variety of chemicals have been used for those purposes, but most processes share the common step of hydrofluoric acid ͑HF͒ etching to remove natural oxide from the silicon surface. The cleaning procedure that is also popularly used for silicon wafers is the so-called Radio Corporation of America ͑RCA͒ cleaning. 1, 2 This cleaning consists of two steps, commonly called SC1 and SC2. The SC1 step involves cleaning in 1NH 4 OH/1H 2 O 2 /5H 2 O at temperatures between 75 and 90°C. The SC2 step consists of cleaning in a 1HCl/1H 2 O 2 /6H 2 O solution at 70-90°C.
The physical and chemical properties of HF-cleaned silicon surfaces have been extensively studied by various authors using Fourier-transform infrared spectroscopy ͑FTIR͒, x-ray photoelectron spectroscopy ͑XPS͒, scanning tunneling microscopy ͑STM͒, etc. 3 The uniformity of an oxide film formed on silicon surface by RCA processing has been investigated using STM by Aoyama et al. 4 The structure of surface oxides formed in various chemical solutions, including RCA, has also been studied using glancing incidence x-ray reflectometry and FTIR by Sugita et al. 5 and using XPS, transmission electron microscopy, and FTIR by Ohwaki et al. 6 The purpose of this article is to study the effects of HF and SC1 treatments on the surface properties of silicon wafers using spectroscopic ellipsometry ͑SE͒ and photoreflectance ͑PR͒ spectroscopy. SE is a very surface-sensitive technique, which enables detection of submonolayer coverage of the surface by adsorbed species. 7 PR is a contactless form of electroreflectance, in which reflectance modulation is produced by a chopped exciting light beam. It can yield sharp critical-point structures and also be very sensitive to surface or interface. 8 However, no detailed study has been performed on surface properties of silicon by using SE and PR techniques. We determine rate constants of the natural and chemical oxide growths on HF-cleaned silicon surfaces exposed to air and immersed in the SC1 solution, respectively, using SE. We also investigate the passivation effects of these natural and chemical oxides by measuring PR spectra. It is shown that the PR intensity is strongly dependent on surface processing conditions. The fact can be explained by the different degree of surface or interface states on such processed sample surfaces.
II. EXPERIMENT
We used n-type Si͑110͒ wafers with a resistivity of 0.010-0.018 ⍀ cm (N D ϳ3ϫ10
18 cm Ϫ3 ). They were degreased with organic solutions in an ultrasonic bath. The samples were then etched in a 1.5% HF solution at room temperature and rinsed in a de-ionized ͑DI͒ water. The composition of the SC1 solution is NH 4 OH:H 2 O 2 :H 2 O in a volume ratio of 1:1:5. The samples were put in a bath of SC1 solution at 80°C, followed by rinsing with DI water. As we will see later, the SC1 treatment causes in chemical oxidation of silicon surfaces.
The automatic ellipsometer used was of the polarizersample-rotating-analyzer type. SE measurements were carried out in the 1.2-5.2 eV photon-energy range at room temperature. The angle of incidence and the polarizer azimuth were set at 70°and 45°, respectively. The experimental setup for PR measurement was essentially the same as that described in the literature. 9 The 488 nm line of an Ar ϩ laser chopped at 325 Hz was used as the pumping light. The probe light from a 150 W xenon lamp was irradiated near to normal on the sample surface. The PR spectra were measured in the 2.9-4.0 eV photon-energy range at room temperature using a grating spectrometer ͑JASCO CT-25C͒ and a thermoelectrically cooled photomultiplier tube ͑Hamamatsu R375͒. 
III. RESULTS AND DISCUSSION
The SE measurement can be used to yield direct information about the relative quality of surface regions prepared by different methods.
7 Figure 1 shows the plots of the chemical oxide thickness d ox on Si͑100͒ surface versus immersion time t in the SC1 solution at 80°C. The oxide thickness d ox was determined from Fresnel's formula using a three-layer ͑ambient/chemical oxide layer/bulk silicon͒ model. An example of this analysis is shown in the inset of Fig. 1 . There have been no experimental data on the optical constants of the chemical oxide. We, therefore, used here those of silicon dioxide (SiO 2 ). Thus, the d ox values plotted here are the effective oxide thicknesses, not the real ones. The SE (E) data of the HF-cleaned surface are also uses as those for the bulk silicon. The fit shown in the inset of Fig. 1 gives the effective oxide thickness of about 6 Å.
The d ox vs t plots in Fig. 1 suggest that the chemical oxidation occurs immediately upon immersing the sample in the SC1 solution. It is also understood that the effective oxide thickness d ox shows a saturated value of about 6 Å. This value is in good agreement with those reported in the literature ͑6 -10 Å͒. [10] [11] [12] We also found no clear difference in the chemical oxidation properties among the Si͑100͒, ͑110͒, and ͑111͒ surfaces.
The SE technique is also used to study the activity of freshly HF-etched Si͑110͒ surfaces in ambient air. The time dependence of the natural oxide thickness d ox usually shows a logarithmic behavior given by
͑1͒
The solid line in Fig. 2 represents the calculated result of this expression. The slope d 0 is ϳ3.5 Å/decade. This value is much smaller than 6.8 Å/decade as measured by Archer 13 on polished surface of unknown orientation, but is in good agreement with that on Si͑100͒ surface (ϳ4 Å/decade) reported by Hirose et al. 14 We also found that the rate value d 0 is nearly the same among the HF-cleaned Si͑100͒, ͑110͒, and ͑111͒ surfaces (3.5Ϯ0.5 Å/decade). Figure 3 shows the PR spectra for n-Si(110) samples taken after four different surface processing: ͑a͒ degreased in organic solvents, ͑b͒ degreased in organic solvents and then etched in a 1.5% HF solution at 20°C for 120 s, ͑c͒ degreased, 1.5% HF etched, and finally SC1 treated at 80°C for 120 s, and ͑d͒ degreased, 1.5% HF-etched, and then airexposed about 12 h. Note that samples ͑a͒ and ͑d͒ have the natural oxide overlayers of about 13 and 6 Å thicknesses, FIG. 3. PR spectra for n-Si(110) samples taken after four different surface processing: ͑a͒ degreased in organic solvents, ͑b͒ degreased in organic solvents and then etched in a 1.5% HF solution at 20°C for 120 s, ͑c͒ degreased, 1.5% HF-etched, and finally SC1-treated at 80°C for 120 s, and ͑d͒ degreased, 1.5% HF-etched, and then air-exposed about 12 h. respectively, and sample ͑c͒ has the chemical oxide overlayer of about 6 Å thickness. Sample ͑b͒ has no or a very thin natural oxide overlayer.
The dominant peak seen in the 3-4 eV region of PR spectrum is due to the E 1 transitions. The E 1 transitions occur along the ͗111͘ direction or at the L point in the Brillouin zone. It is evident that the PR intensity is strongly dependent on the surface chemical treatment used. The strongest PR intensity is observed from the as-degreased sample ͓͑a͔͒, while the weakest signal is from the sample just after being etched in the 1.5% HF solution ͓͑b͔͒. It is also noteworthy to point out that samples ͑c͒ and ͑d͒ have nearly the same oxide thicknesses (ϳ6 Å); however, their PR intensities differ significantly.
The schematic energy-band configuration in the vicinity of the surface of an n-type silicon with and without light illumination is shown in Fig. 4 . The photoexcited carriers are separated by the electric field in the surface space-charge layer, with electrons and holes drifting into opposite directions. Excess minority holes, that move toward the surface, lead to a redistribution of the equilibrium space charge and consequently to a change in band bending. The resulting change in surface potential Ψ m affects the PR intensity. Note that ͉∆R/R͉ is proportional to the square of the surface electric field. 15 The square of the electric field is also proportional to surface potential. Consequently, ͉∆R/R͉ is proportional to Ψ m . 16 The surface recombination velocity S may be the only parameter required to characterize the surface. 17 Minority carriers are annihilated there by recombination via surface states. The larger the surface recombination velocity S, the smaller the minority carrier accumulation. Thus, we can expect that the smaller the surface recombination velocity, the larger the surface potential change Ψ m ͑see Fig. 4͒ . Therefore, the PR intensity is largely dependent on the surface processing conditions, as clearly observed in Fig. 3 .
The photomodulated surface potential Ψ m can be determined by the steady-state condition of the photogenerated carriers at the surface space-charge region. The thickness of the surface space-charge region W can be given by
where s is the relative dielectric constant, 0 is the dielectric permittivity of vacuum, e is the elementary charge, V s is the barrier height at the surface ͑see Fig. 4͒ , and N D is the donor concentration. It is not easy to determine the surface barrier height V s from the PR spectra measured in the opaque region. Assuming V s ϭ0.5 V and putting s ϭ11.6 and N D ϳ3ϫ10 18 cm Ϫ3 into Eq. ͑2͒, we obtain Wϳ15 nm. The surface space-charge width W is, thus, much smaller than the minority-hole diffusion length in n-type silicon 18 and also smaller than the penetration depth (ϳ500 nm) of the pumping light. 19 Differences in the PR intensity observed in Fig. 3 are, indeed, due to surface effect.
We can expect from Fig. 3 that the PR intensity of the HF-etched sample will increase with increasing air-exposure time. This is because the HF-etched surface will be passivated with a gradual growth of the natural oxide on it. Figure  5 plots the PR strength parameter C vs d ox measured on the 1.5% HF-cleaned Si͑110͒ surface after exposing in air for various times. The PR strength parameter C is determined from the fit using the standard critical-point line shape 20 
∆R
where p is the number of the spectral functions to be fitted and is the phase angle. The power term n refers to the type of optical transitions in question: nϭ2, 2.5, and 3 for an exciton, a three-dimensional one-electron transition, and a two-dimensional one-electron transition, respectively. Because ͉∆R/R͉ is proportional to Ψ m , C is also proportional to Ψ m . We considered here not only the dominant E 1 transitions at 3.41 eV, but also those at E 0 Јϭ3.27 eV, E 2 (X) ϭ4.31 eV, and E 2 (⌺) ϭ4.55 eV ͑i.e., pϭ4) . 20 The parameter C is fit determined by keeping nϭ3 and using constant values of and Γ. Examples of this fit are shown in the inset of Fig. 5 .
It is clear from Fig. 5 that an increase in air-exposure time results in an increase in the PR intensity. It is also clear from Fig. 3 
IV. CONCLUSIONS
In summary, we have determined the thicknesses of natural and chemical oxides grown on silicon surfaces in ambient air and in the SC1 solution, respectively, using SE. The PR intensity is also found to be strongly dependent on the surface treatment used; the strongest PR intensity is obtained on the as-degreased surface, while the weakest intensity is observed from the sample just after etched in the 1.5% HF solution. The surface covered with the chemical oxide also gives very weak PR intensity. These results can be interpreted by the different minority-carrier recombination velocities at the surface ͑interface͒, i.e., the smaller the surface recombination velocity, the larger the surface potential change Ψ m . Further study needs to make clear the electronic structure of the natural ͑chemical͒ oxide/silicon interfaces and its correlation with PR intensity.
